Abstract: Although electrospun templates are effective at mimicking the extracellular matrix (ECM) of native tissue due to the tailorability of parameters such as fiber diameter, polymer composition, and drug loading, these templates are often limited with regards to cell infiltration and the tailorability of the microenvironments within the structures. Thus, there remains a need for a flexible threedimensional template system which could be combined with cell suspensions to promote three-dimensional tissue regeneration, and ultimately allow cells to freely reorganize and modify their microenvironment. In this study, a mincing process was designed and optimized to create mixtures of electrospun fibers/branched-clusters for use as fundamental tissue engineering building units. These fiber/branched-cluster elements were characterized with regards to fiber and branch lengths, and a method was optimized to combine them with normal human dermal fibroblasts (nHDFs) in culture to create interconnected template constructs. Sectioning and imaging of these constructs revealed cell/fiber integration as well as even cell distribution throughout the construct interior. These fiber/branched-cluster elements represent an innovative flexible tissue regeneration template system.
Introduction
Over the past 20 years, electrospinning has become a commonly accepted method of template fabrication in the field of tissue engineering [1, 2] . This technique, in which a polymer solution is deposited into highly interconnected templates of nanofibers via an electrical field, has many advantages with regard to tissue engineering. Characteristics such as fiber diameter and pore size can be tailored by optimizing the polymer solution flow rate, air-gap distance between the extrusion needle and collecting plate, concentration of polymer in the solution, and the voltage applied to the needle tip [3, 4] . Furthermore, a wide variety of natural and synthetic polymers can be used, allowing tailorability of degradation method (hydrolytic degradation or enzymatic biodegradation), degradation timeframe, template mechanical properties, and biocompatibility [5, 6] . Many different protocols have also been developed to include various types of bioactive molecules within the fibers for controlled release over time, or attach these molecules to the surface of the fibers in order to functionalize them [2, [7] [8] [9] [10] [11] . These options allow significant tailorability of electrospun templates for different tissue engineering purposes.
Although electrospinning has many advantages as a template fabrication technique, it also has some serious disadvantages. The greatest disadvantage is the difficulty of inducing large numbers of cells to infiltrate through the entirety of the template. This difficulty is inherent in the process of creating the electrospun template. Because the fibers are deposited at a 90 ∘ angle to a flat surface, they create flat two-dimensional structures that pack together with fibers oriented parallel to the surface instead of vertically through the structure. This random packing precludes complete control of pore size and pore interconnectivity [12] [13] [14] [15] , and the lateral orientation of fibers fails to provide vertical fibrous pathways to facilitate cell movement into the template. A variety of techniques have been developed to improve cellular infiltration into electrospun templates. Recent research has focused on electrospraying cells directly into templates during the electrospin-ning process [16, 17] . While this method achieves sufficient cell distribution within the template, however, it introduces limitations with regards to sterility and fabrication timing. Other groups have focused on utilizing biological polymers such as fibrinogen, collagen, and elastin to improve both cell infiltration and template remodeling [18] [19] [20] [21] [22] . These studies demonstrate improved cellular infiltration as compared to synthetic controls, however, electrospun biopolymer templates generally have much weaker mechanical properties than their synthetic counterparts, even when the biopolymers are crosslinked [23, 24] . Another method involves co-electrospinning the polymer of choice with a different, water-soluble, polymer which is later dissolved out of the template [25] . However, when these sacrificial fibers are removed, the fibers around them tend to shift, and eventually collapse the newly formed pores [26, 27] . In addition to the work in modifying the electrospinning process, other groups have tried changing the collecting plate in order to alter the density of the resulting template. In a 2012 study, Phipps et al. used a plastic petri dish on top of a grounded aluminum plate with twenty needles inserted through the petri dish contacting the aluminum plate underneath as the collecting plate for the electrospun fibers. While this method was effective in reducing template packing density, it only worked with templates electrospun from 100% polycaprolactone (PCL), severely limiting its applicability [28] . A more versatile method was developed by McClure et al. that same year, in which a cylindrical metal mandrel with air flowing outward through evenly-spaced pores was used as the grounded fiber collector. This method, called AirImpedance Electrospinning, was successful in fabricating templates with greater porosity, permeability, and cellular infiltration than solid-mandrel controls, but initially sacrificed the mechanical strength of the template [12] . However, in a 2016 study, Selders et al. made significant improvements to this technique. Rather than using a cylindrical mandrel, this study utilized an air funnel system that passed air perpendicularly through a flat, porous metal deposition plate. Certain combinations of deposition plate pore size, air flow velocity, and fiber size were able to achieve increased template porosity without sacrificing the mechanical strength of the template [15] . However, this study did not investigate the effect on cellular infiltration, meaning that there remains work needed to fully validate this technique with regards to tissue engineering templates.
While these methods of improving template porosity are promising, they all rely on cellular infiltration from outside the template, limiting their effectiveness at greater template volumes [12, 25, 29] . Furthermore, because of the degree of interconnectedness of the fibers, cellular reprogramming of the template microstructure is partially dependent on the degradation rate of the polymer, and use of a synthetic polymer could slow the re-organization time to several weeks to months. In this study, we demonstrate the creation of a flexible three-dimensional template system which, when combined with cell suspensions, create reprogrammable tissue-mimicking structures that do not rely on cell infiltration from the outside environment. Polydioxanone (PDO) polymer was chosen as the base material due to its biocompatibility, ease of electrospinning, and ability to be biologically resorbed [30, 31] . Collagen was also utilized to incorporate cell-binding sites into the electrospun fibers [23, 32] . By adapting a mechanical cutting procedure developed by Thieme et al. to create short electrospun fibers for inhalation purposes, we minced electrospun polymer templates into fibers/branched-clusters of controlled branch lengths, and imaged and characterized these fibers/branched-clusters with regards to fiber and branch lengths [33] . Then, these fibers/branchedclusters were combined with fibroblasts to create threedimensional tissue-mimicking constructs, which were characterized with regards to cell distribution. These fiber/branched-cluster elements represent an innovative, flexible tissue regeneration system.
Materials and Methods

Mincer Design
Aluminum stock (McMaster-Carr, Elmhurst, IL) was machined into a cylindrical cup and lid, fastened together by three screws. The cup featured a 1.75 cm thick base with enough weight to prevent tipping, and the lid featured three fixed threaded dowel rods spaced evenly apart and a raised lip in order to stabilize the rotary device affixed to it. A Dremel 3000 rotary device (Dremel, Racine, WI) was secured via a large, adjustable metal collar attached to the threaded dowels via threaded nuts, and used to drive a 0.635 cm diameter metal drive shaft (McMasterCarr, Elmhurst, IL) that extended through a central hole in the top of the lid at speeds between 5000 and 25000 rpm (McMaster-Carr, Elmhurst, IL). Two parallel razor blades (Van Der Hagen, Liberty Hill, TX) were attached to the rod via shaft collars (McMaster-Carr, Elmhurst, IL) inside the cup. These shaft collars were adjustable, allowing the addition or subtraction of razor blades and the relocation of the razor blades further up or down the shaft. A rub- ber gasket was fitted inside the lid to prevent leakage. The lid and cup were held together securely with bolts, securing it while mincing was in progress but allowing the lid to be removed for loading of templates or retrieval of fibers/branched-clusters. The specifications for this device can be seen in Figure 1. 
Electrospinning and
Fiber/branched-cluster Fabrication
Templates were electrospun from solutions of 100 mg/mL polydioxanone (PDO) (Sigma Aldrich, St. Louis, MO) and 2.4 mg/mL collagen type II in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) (Oakland Chemical, Oakland, California). Collagen was previously isolated according to a protocol by Barnes et al. [34] . Solutions were dissolved under gentle agitation overnight prior to electrospinning to ensure even mixing of components. The solutions were then electrospun from plastic syringes (Becton Dickinson, Franklin Lakes, NJ) through a blunted 18 gauge needle (Becton Dickinson, Franklin Lakes, NJ), using a syringe pump (Fisher Scientific, model no. 78-01001, Waltham, MA) onto a translating and rotating cylindrical (width=12 cm, circumference=28 cm) metal grounded mandrel (6.5 cm/s translation over a distance of 13 cm with rotational speed of 1250 rpm). The solution flow rate was 4 mL/hour, voltage was maintained at 26 kV, and 4 mL of solution was electrospun per template at an air gap distance of 15 cm. After electrospinning, templates (Figures 2 and 3) were stored in a desiccation chamber prior to use. The templates were then manually cut into irregular pieces about 1 cm across using scissors, and loaded into the cup along with roughly 200 mL of 70% ethanol (Sigma Aldrich, St. Louis, MO), as seen in Figure 4 . The cup, containing the template pieces and ethanol, was then cooled to −80 ∘ C for 30 minutes prior to mincing at 15000 rpm. After 5 minutes of mincing, the device was stopped, the lid removed, and forceps were used to remove template pieces that had wrapped around the shaft at the base of the razor blades. The lid was then re-attached and the template pieces were minced for 1 hour at 15000 rpm in fully assembled mincing apparatus seen in Figure 5 . The resulting pulp was then centrifuged at 60 X G for 5 minutes. The pellet was saved, and the supernatant was re-centrifuged at 426 X G for 5 minutes. This second pellet was resuspended and filtered through a 106 µm pore screen. Everything that passed through the screen was saved and labeled the "small fibers/branched-clusters" group, while everything that was caught by the screen was resuspended in 70% ethanol, saved, and labeled as the "medium fibers/branched-clusters" group. The original pellet was placed back in the mincer, and this process of cooling, mincing, centrifuging, and separating was repeated 14 more times, recycling the 60 X G pellet each time. After 15 cycles, everything left in the last 60 X G pellet was saved and labeled the as "large fibers/branched-clusters" group. All fibers/branched-cluster samples were stored in 70% ethanol at room temperature.
Fiber/Branched-Cluster Imaging and Characterization
Solutions of each group were vortexed and 200 µL of each solution was pipetted onto a glass slide for imaging. Four images were taken per slide, and four slides per sample type were imaged using an Olympus microscope (Model BX43F) with an attached Olympus DP73 digital color camera for the small and medium groups, and a Keyence VH-Z20R multiscan digital microscope for the large group due to the increased visual field of this microscope. The images showed the solutions consisted of single fibers of varying length, and branched-clusters of varying size. Image J software was used to measure the lengths of the single fibers and the branch lengths of clusters. For each cluster, a center point was defined and all branch lengths were measured outward from that center point. All visible single fibers and branched-clusters in each image were mea- sured. Fiber diameter was measured from single fibers in these images using Image J.
Cell Culture
Normal adult human dermal fibroblasts (nHDFs) (Lonza, nHDF-Ad-Der Fibroblasts, Walkersville, MD) were cultured in DMEM/F-12 (1:1) (Hyclone, Logan, UT) with 1% v/v penicillin/streptomycin solution (Hyclone, Logan, UT) and 10% v/v fetal bovine serum (Hyclone, Logan, UT) (culture medium used throughout) prior to use. Empty petri dishes were massed, and then fiber/branched cluster solutions of all three groups (small, medium, and large) were poured into these petri dishes, the ethanol was allowed to evaporate overnight, and the dishes were massed again. The mass of the fibers/branched clusters in each dish was calculated, and then these fibers/branched clusters were re- 
Sample Group Fibers/Branched-Clusters Sizes
Culture Conditions Type A 0.5 mg small fibers + 0.5 mg medium fibers in 2.5 mL of DME/F media Fiber/cell mixture allowed to settle by gravity Type B 0.5 mg small fibers + 0.5 mg medium fibers in 2.5 mL of DME/F media Fiber/cell mixture centrifuged at 1500 X G prior to culture Type C 1 mg large fibers in 2.5 mL of DME/F media Fiber/cell mixture allowed to settle by gravity Type D 1 mg large fibers in 2.5 mL of DME/F media Fiber/cell mixture centrifuged at 1500 X G prior to culture suspended in 70% ethanol and placed in a sterile culture hood. The ethanol was once again allowed to evaporate, and then the fibers/branched clusters were resuspended in culture media. 1 million nHDFs were combined in 5 mL culture medium with either 1 mg small fibers/branched clusters and 1 mg small fibers/branched-clusters, or 2 mg large fibers/branched-clusters in 15 mL conical centrifuge tubes (Fisher Scientific, Waltham, MA). These tubes were mixed by inversion, then incubated at 37 ∘ C under 5% CO 2 with the tube caps loosened for 2 hours, with each tube mixed by inversion at half hour intervals. Then, after a final mixing by inversion at the 2 hour timepoint, half of the contents of each tube were pipetted into a different 15 mL centrifuge tube, centrifuged down at 1500 X G for 5 minutes, and then placed back in the incubator, while the contents of the original tubes were allowed to settle naturally under gravity during incubation. Thus, four groups of samples were created (shown in Table 1 ): 2.5 mL media with 0.5 mg small fibers/branched-clusters, 0.5 mg medium fibers/branched-clusters, and 500,000 nHDFs settled under gravity (Type A); 2.5 mL media with 0.5 mg small fibers/branched-clusters, 0.5 mg medium fibers/branched-clusters, and 500,000 nHDFs centrifuged at 1500 X G (Type B); 2.5 mL media with 1 mg large fibers/branched-clusters and 500,000 nHDFs, settled under gravity (Type C); and 2.5 mL media with 1 mg large fibers/branched-clusters and 500,000 nHDFs centrifuged at 1500 X G (Type D). Samples were cultured for 21 days, changing 1 mL of the media every 3-4 days, taking care to remove media slowly from the top to prevent disruption of the construct, and fresh media was gently added down the side of the conical tube. After 21 days, the media was removed, and 10% buffered formalin was slowly added down the side of the tube until the construct was completely submerged (Fisher Scientific, Waltham, MA). The fixed sample tubes were stored at 4 ∘ C until cryosection. The cell study was performed in triplicate. calculated. At least 3 sections with at least one image per section were analyzed using this method.
Cryosectioning and Cell Distribution Analysis
Statistical Analysis
Shapiro-Wilk analysis revealed that the single fiber length and branch length data was not normally distributed, so parametric tests could not be used for the analyses of these data sets. Instead, a Kruskal-Wallis one way analysis of variance (ANOVA) was used, with a Dunn's method post hoc test to establish significance (α=0.05) between groups. The cell distribution data was found to be normally distributed, and thus a one-way analysis of variance (ANOVA) with a Holmes-Sidak post hoc test was used to establish significance (α=0.05) between groups. All tests were performed with Sigma Plot (Systat Software, San Jose, CA).
Results & Discussion
Mincing Optimization
Optimization of the template mincing process showed that a chopping speed of approximately 15000 rpm was ideal for mincing the templates into a pulp without damaging the Dremel rotary device over time. After several design iterations, the height of the mincing cup was reduced to 3.81 cm to reduce the length of drive shaft necessary and thus minimize wobbling of the end of the shaft during mincing. It was found that having the drive shaft end in contact with the bottom of the cup significantly reduced mincing speed, even with a polished divot placed in the center of the cup bottom, and thus 0.476 cm of space was left between the shaft and cup bottom in the final iteration. Utilizing two parallel razor blades moderately improved the efficiency of the chopping process, and the optimal placement of these razors was as close to the shaft end as possible. Cooling the template pieces and ethanol mixture to −80 ∘ C, below the −10 ∘ C glass transition temperature of PDO, prior to mincing was found to improve mincing efficiency, and a volume of about 200 mL ethanol was ideal for facilitating mincing without causing significant overflow out of the cup.
Fiber/branched-cluster Characterization
Microscopy images of the chopped electrospun templates revealed a mix of both single fibers and branched-clusters in all three sample groups, with larger branched-clusters appearing as the sample groups move up in size ("small" to "medium" to "large"). Fibers and branched-clusters of all three groups can be seen in Figure 6 . Fiber diameter was measured at 1.1 ± 0.4 µm (n=30). Single fibers of all three groups were measured, and the means of these measurements are shown in Figure 7 . Mean single fiber length ± standard deviation for the small, medium, and large group were 43.2 ± 34.8 µm, 50.0 ± 41.9 µm, and 45.2 ± 50.3 µm, respectively. Statistical analysis revealed significant differences between the lengths of fibers from the small group and medium group, and between the lengths of fibers from the medium group and the large group. However, the differences between the means of these groups were much smaller than expected, and the mean of the large group was particularly low in relation to the small and medium groups. Furthermore, the relatively high standard deviations of all three groups indicate a wide distribution of fiber lengths in each group. It is theorized that the branched-clusters act in a net-like fashion during centrifugation, trapping smaller fibers within their pellet which are then released when the pellet is resuspended. This phenomenon would explain the closeness of the means in Figure 7 , and also would present a significant difficulty if greater separation of single fibers by fiber length was desired.
The branch lengths of the branched-clusters of each sample type were measured, and the mean branch length of each branched cluster were calculated. Mean cluster branch length ± standard deviation for the small, medium, and large group were 64.6 ± 27.0 µm, 325.6 ± 278.4 µm, and 348.8 ± 398.1 µm, respectively. These means are shown in Figure 8 . Significant differences were found between the mean branch lengths of the small and medium group, and between the mean branch lengths of the small and large group. The difference between the medium and small groups was also much greater than that seen with the single fibers in Figure 9 , an indication of more successful separation of these elements. However, no significant difference was found between the medium and large groups, which was unexpected. It is possible that the net-like phenomenon theorized to affect single fiber distribution also causes smaller branched-clusters to be trapped by the largest branched-clusters during centrifugation, preventing greater separation between groups. The small group had a narrow distribution of branch lengths, with 95.6% of branches under 150 µm in length and the remaining 4.4% under 300 µm in length. The large and medium groups had a much wider distribution of branch lengths than the small group, as seen in the histogram in Figure 9 . Additionally, the large group had a greater proportion of branch lengths over 1500 µm (4.6%) than the medium group (0.79%). Although this seems like a small difference when expressed as a percent of total branch lengths, these higher branch length branched-clusters are so much bigger than the smaller branched-clusters that they effectively dominate the population in terms of area, as seen in the large group image in Figure 6C . Thus, in terms of isolating these bigger branched-clusters with branch lengths over 1500 µm into one group, the separation protocol was relatively successful.
Cell Culture Results
Prior attempts at culturing these fibers/branched-clusters with nHDFs, in which the nHDFs were pipetted into 48 well plate wells already containing fibers/branched-clusters of each group, were ineffective at combining the cells with the fibers/branched-clusters. The nHDFs tended to form a layer on the tissue culture plastic at the bottom of the well, while the fibers/branched-clusters settled loosely on top and were gradually removed during media changes (data not shown). In contrast, the method described in this paper, in which fibers/branched-clusters were added to media with nHDFs in conical 15 mL tubes and intermittently mixed via inversion for the first two hours of cul- While statistically significant differences were found, the means differed less than expected, and the mean of the large group was smaller than expected relative to the other two groups.
Figure 8:
Average cluster branch lengths of each group (* = significantly different, α=0.05). While statistically significant differences were found between the small and medium and between the small and large groups, no significant difference was found between the medium and large group, which was unexpected.
ture, was much more effective at combining the cells with the fibers/branched-clusters. Over the course of the culture period, the loose mixture of cells and fibers/branchedclusters within each 15 mL tube became a single construct. These constructs appeared as irregularly oval pellets that maintained their shape when manipulated with forceps after formalin fixation. The pellets varied in diameter from 1.3 mm to 3.2 mm. All four sample types (Type A, Type B, Type C, and Type D) formed physically integrated pellets of cells/fibers/branched-clusters, and no separated fibers/branched-clusters were visible to the naked eye in the media removed during the culture period, or left unintegrated in the bottom of the culture tubes. groups. The small group had narrow distribution of branch lengths, mostly under 150 µm, while the medium and large groups had a wider distribution. Note that the large group had a higher percentage of branch lengths over 1500 µm (4.6%) than the medium group (0.79%). DAPI staining of cryosectioned images revealed full dispersal of cells throughout continuous fibrous structures for each sample type, as seen in Figure 10 . Cell distribution measurements, shown in Figure 11 , indicate a significant difference between the outermost layer, middle layer, and center of the Type A constructs, and between the outermost layer and center of the Type D constructs. This phenomenon can be visualized in Figure 10 (D) and (F), where especially pronounced cell layers can be seen on the outside of the Type A and Type D samples. However, a cell density of at least 20 cells/0.04 mm 2 was seen in each region of each construct type; these results demonstrate a lack of necrotic core within any of the samples, meaning that media diffusion throughout the construct interior was sufficient to provide nutrients to the cells. More generally, these images show that fiber and branched-cluster length had relatively little impact on the ability of nHDFs to bind these disparate elements into a continuous template structure, or on the cell distribution throughout those templates. The relatively even cell distributions of these constructs indicate that the intermittent mixing via inversion during the first 2 hours of culture was effective at keeping the nHDFs dispersed in the media long enough to bind to the fibers, rather than settling to the bottom of the tubes and forming a layer of only cells. Furthermore, these cell distribution data indicate that although centrifugation increased the evenness of cell distribution within the Type B constructs, it was not necessary to form these continuous constructs, and was slightly detrimental to the evenness of cell distribution within the Type D constructs. As shown in Figure 12 , there was minimal Ki-67 expression of the fibroblasts within the constructs regardless of the size of the fibers/branched-clusters used to create the construct, or whether the construct was centrifuged down at the beginning of the culture period. These results indicate that after three weeks of culture inside the constructs, the fibroblasts inside the constructs either become contact-inhibited or transition fully to a state of senescence, remaining in G0 and avoiding going through mitosis. It is possible that constructs created with a lower cell density would have increased Ki-67 expression due to the lack of contact inhibition. An alternative explanation could be that the cells inside the constructs proliferate at a rate that causes them to quickly reach senescence. This aspect could be investigated in the future by digesting fully-formed constructs with pronase and collagenase, re-plating the cells, and observing whether the cells begin to proliferate again.
Relative to the traditional use of whole electrospun templates as cell templates, the fibers/branched-clusters have the advantage of allowing the cells to shape their own extracellular matrix-mimicking templates out of these discrete building blocks. Additionally, the use of these fibers/branched-clusters creates constructs with much more even cell distribution than that seen in whole electrospun templates, even with the use of sacrificial fibers, enzymatic digestion, or air-impedance electrospinning to improve template porosity [12, 25, 28] . However, the use of fibers/branched-clusters as template elements is not without limitations. Unlike the use of whole templates, these fibers/branched-clusters must be mixed with cells in suspension, precluding their use as an acellular implant. Clinical use of the fibers/branched-clusters would thus first require isolation of a sufficient number of cells to mix with these structural elements, either from the patient or from a donor, and then these cells would have to be mixed with the fibers/branched-clusters prior to injection or implantation. Additionally, the degree of reprogramming of constructs formed from fibers/branched-clusters to a tissuespecific morphology has yet to be demonstrated. One possible application is in articular cartilage tissue engineering. Due to the avascularity of natural cartilage tissue and sparseness of its cells, cartilage regeneration presents a unique engineering challenge [35] . Pellet culture of chondrocytes has been shown to maintain chondrocyte phenotype and facilitate the production of type II collagen and aggrecan, somewhat mimicking native articular cartilage [36] . This type of culture creates constructs with high cell densities and poor mechanical properties, in contrast to the low cell densities and greater mechanical strength of native cartilage [37, 38] . These short fiber/branchedclusters could potentially be used as spacers in pellet culture to mimic the lower cell densities of native cartilage. The modular nature of these fibers/clusters could potentially allow for more tailorability of the matrix, with chondrocytes rearranging them according to the arrangements of fibers found in the various zones of native cartilage [39, 40] . Chondrocytes could be isolated from cartilage taken from patients, combined with fibers/clusters to create cartilage analogs which could be strengthened in a cyclic compression bioreactor, and then re-implanted into the patient.
Another potential application would be to include both fibroblasts and microvascular endothelial cells (MVECs) to create vascularized constructs. Microvascularization is a limiting factor in most tissue engineered devices, creating a reliance on nutrient and waste diffusion to support infiltrating cells [41] . However, MVECs have been shown to self-assemble into vascular networks in two and three-dimensional culture with other cell types, including fibroblasts [42, 43] . Thus, there is potential to combine fibers/branched-clusters, MVECs, and fibroblasts to create three-dimensional microvascular networks. Autologous patient MVECs and fibroblasts could be isolated in the clinic, combined with fibers/branched-clusters in vitro to create microvascular networks, and then re-implanted as in conjunction with biosensors or tissue engineered constructs to improve their vascularization.
Both of these potential applications are currently purely theoretical, as chondrocyte and MVEC behavior within the constructs has yet to be explored. Nevertheless, this study effectively demonstrated the use of a novel mincer design to create fibers/branched-clusters of various sizes from electrospun templates, and the ability of these fibers/branched-clusters to serve as building blocks for cells to create continuous template constructs. Furthermore, these constructs had cell distributions not yet achieved from statically-seeded whole electrospun templates. Future work will involve using mercury porosimetry to measure the degree of porosity and pore interconnectivity within these constructs, and compression testing to determine the mechanical properties of these constructs. Furthermore, these structural elements will be cultured with other cell types, such as chondrocytes or a co-culture of fibroblasts and vascular endothelial cells to determine the potential of this culture system to create tissue-specific structures.
